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Abstract

A parametric study was performed to determine optimal geometries to allow the
successful transition of a detonation from a pre-detonator into the thrust tube of
a pulse detonation engine. The study was performed using a two-dimensional Euler
solver with progress variables to model the chemistry. The geometrical configurations
for the simulations look at the effect of shock reflections, flow obstructions, and deto-
nation diffraction to determine successful geometries. It was observed that there are
success and failure rates associated with pre-detonators. These success rates appear
to be determined by the transverse wave structure of a stably propagating detonation
wave and must be considered in the design and testing of a practical pre-detonator.
A simple and straight forward method of estimating the success rate is presented.
Desirable effects from geometries with high success rates are used as a basis for rec-

ommendations for future pre-detonator designs.
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NUMERICAL INVESTIGATION OF PRE-DETONATOR
GEOMETRIES FOR PDE APPLICATIONS

I. Introduction

A detonation is defined as a combustion wave that travels at a velocity greater
than the local speed of sound of the premixed fuel /oxidizer mixture that it propagates
through. The history of detonation phenomena has its start in the 1800s. The first
theories were developed seperately by Chapman and Jouget in 1899 and 1905 [1].
Both developed a method to predict the wave speed of a detonation wave from only
thermodynamic and hydrodynamic considerations. Measured wave speeds predicted
by CJ theory match remarkably well with experimental evidence. In the 1940s, the
first models for the structure of a detonation wave were put forward independently
by Zeldovich, von Nuemann, and Doéring. The Zeldovich, von Nuemann, and Doring
(ZND) model represents the detonation as a planar shock wave followed by a reaction
zone [2]. The ZND model is unstable and is only observed under transient condtions
2], however. Experimental observations show the structure of a detonation is highly
three-dimensional with a cellular structure [3]. With more powerful computers be-
ing developed, accurate simulations of transient detonation waves are now becoming
possible.

One of the most important applications of numerically simulating a detonation
wave is the development of pulse detonation engines. A simple pulse detonation
engine is a tube closed off at one end and open at the other. The tube is filled with a

fuel/oxidizer mixture and then a detonation is initiated at the closed end. Then the
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detonation wave propagates down the tube and the high pressure products created
by the passing detonation wave exit the tube, generating thrust. The three phases

are known as fill, detonate, and purge and are illustrated in Fig. 1.

Fill Detonate Purge
N —>
~0)) = —

—>
Air t
Repeat

Figure 1. Conceptual pulsed detonation engine cycle.

Fuel
N

Research [4] into air breathing pulse detonation engines has shown that these
engines have the potential to be an efficient and low cost propulsion system. A
pulse detonation engine (PDE) has few moving parts, high thrust, and low weight.
PDEs also have the capability of operating from static to hypersonic speeds while
maintaining efficiencies competitive with more conventional engines. A PDE utilizes
a near constant volume heat addition and does not require a compression cycle, which
leads to a simple design that is low cost, with high efficiencies and specific impulse.
Before PDEs become practical there are many technological hurdles that must be
overcome. One of the most important hurdles is detonation initiation and is the main

focus of this research.

Motivation

There are several ways to initiate a detonation. First, a detonation can be directly
initiated with a large enough input of energy. The amount of energy required is
generally too high to be a practical solution for any type of real application [5]. The
second way to initiate a detonation is to cause deflagration to detonation transition

(DDT). In DDT, a fuel/oxidizer mixture is ignited, a deflagration wave forms, and
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as it travels down the tube it will eventually transition into a detonation. Transition
to detonation can be achieved more rapidly when obstructions are introduced to the
travelling deflagration wave, such as a Shchelkin spiral. A third way is to use a prior
detonation wave from a smaller tube to directly initiate the detonation in a larger tube
(thrust tube). The smaller tube can be a crossover tube in a branched PDE setup
or a pre-detonator. A pre-detonator is a device (generally a smaller tube than the
thrust tube) that already has a detonation wave travelling through it. It is connected
to the thrust tube and is responsible for directly initiating a detonation. The idea is
that initiating a detonation in the pre-detonator requires less energy than initiation
in the main tube.

PDE thrust is proportional to detonation frequency [4]. If DDT generates the
detonation, increased transition time increases the detonation phase, thereby lower-
ing the frequency and decreasing thrust. Additionally, DDT decreases engine fuel
efficiency. DDT obstacle drag can decrease the fuel specific impulse by as much as
50% [6, 7]. Direct initiation from a pre-detonator can remove these losses, allowing
for a higher thrust-to-weight and more fuel efficient PDE.

Current pre-detonators use fuel/oxygen mixtures. Ideally, a pre-detonator must
run on fuel/air mixtures to become a practical alternative to DDT devices. Unfortu-
nately, fuel/air mixtures require large pre-detonators because of the way a detonation
diffracts from a smaller tube to a larger one. The development of practical fuel/air
pre-detonators must focus on successfully using smaller diameters. Research presented
in this thesis is focused on geometrical designs that have the potential to decrease
pre-detonator size; allowing for the creation of the first practical pre-detonators for

use in a PDE.



Approach

The goal of this research is to design an effective and practical pre-detonator.
To accomplish this goal, a computational fluid dynamics (CFD) code is used to run
parametric studies of various pre-detonator geometries. The original code was writ-
ten by Dr. Viswanath R. Katta of Innovative Scientific Solutions and is known as
DETON-2D [8]. A new version of the code, written in FORTRAN 90, was devel-
oped by the author to increase computational speed and add the ability to patch in
two-dimensional solutions. The benefits of using this code is the short computation
time (1/2 to 6 hours) required to return a solution on a single processor while still
providing an accurate representation of the detonation physics. A Python script was
also written to distribute multiple jobs among multiple processors; thereby allowing
parametric design studies to be accomplished in a short time.

The two main geometrical configurations studied were a symmetric step expansion
with a flat plate obstruction and a corner reflector. Examples of these configurations

are given in Figs. 2a and 2b. It was determined that certain configurations have a

ThrustTube Pre-detonator

Pre-detonatar g <
FlatFlate

EE— :
Ohstruction ThrustTube

(a) Symmetric Step Expansion (b) Corner Reflection

Figure 2. Main geometrical configurations studies.

probability of success or failure that is dependent upon the transverse wave structure
of a detonation relative to the exit of the pre-detonator. A method for estimating

success rates is developed and presented in this thesis.



Organization

The introduction has layed the framework of this research and the motivation be-
hind it. Chapter II provides background on PDE performance as well as an overview
of previous and current pre-detonator research. Chapter III goes over the theory
behind detonation phenomena. Chapter IV provides details about DETON-2D. An
overview of the geometrical configurations and the parametric study is given in Chap-
ter V. Chapter V also presents the methodology to determine the success rates for the
pre-detonators. Results are located in Chapter VI. Lastly, Chapter VII is composed

of the conclusions and recommendations for future work.



II. Background

The main goal of this research is to use compuational modeling of detonation waves
to aid in the design of pre-detonators for pulse detonation engines. There are many
concepts, as well as design guidelines and methods that are believed to be essential
in successful pre-detonator designs. Lastly, a basic overview of the parameters that
govern PDE performance is given so that the role of a pre-detonator in a PDE may

be better understood.

Pre-detonator Concepts

A pre-detonator directly initiates a detonation in a thrust tube; thereby removing
the need for a DDT device. The advantages are increased thrust and efficiency. Prac-
tical pre-detonators have not been developed since it is difficult to make a detonation
survive while diffracting from one geometry to the other, however. Studies [9, 10]
have been done with the same fuel/oxidizer mixture in both the pre-detonator and
thrust tube, while others [6, 11] use different, more detonable mixtures in the pre-
detonator. The effect of transitioning a detonation from an abrupt expansion [10] as
well as transitioning through slowly varying expansions [9] has also been examined.
Shock focusing devices and blockages in the flow [12] have been the subject of research
as well.

Detonation diffraction studies are applicable to pre-detonators. Studies in the
literature focus on transitioning a detonation from a small tube into an unconstrained
space. Experimental evidence has shows there is a critical diameter based on the width
of a detonation cell. If the tube is larger than the critical diameter, a detonation will
successfully propagate into an unconstrained area. For circular channels, a critical
tube diameter of 13 detonation cell widths is sufficient. Rectangular channel with

an aspect ratio of one require 10 cell widths. Increasing the aspect ratio reduces the



critical diameter from 10 down to 3 for an infinite aspect ratio channel [9]. In addition
to transitions into unconstrained areas, research [10] has been done on constrained
areas as well. For initial diameters less than the critical diameter, the expansion
ratio that a detonation can survive is dependent on the ratio of critical diameter to
the initial diameter. As this ratio approachs 1, the expansion ratio a detonation can
survive increases to 5. Larger ratios are considered equivalent to transitioning into an
unconfined area [10]. All of the studies described above used highly sensitive mixtures
such as acetylene/oxygen and hydrogen/oxygen that are easy to detonate and have
small cell widths.

Practical fuel/oxidizer mixtures, such as kerosene-based fuels with air, have large
cell widths. A pre-detonator using these mixtures with a diameter of 13, 10 , or even
3 cell widths is impractical because of the large size required. Experimental work [11]
has been done using a sensitive fuel/oxidizer mixture in the small tube (to decrease
critical diameter) and using that detonation to initiate a detonation in a large tube
with a less sensitive mixture. A major drawback of this approach is the need to use
oxygen instead of air. Outside of a laboratory setup it would be difficult to store or
generate oxygen [6].

Instead of an abrupt expansion, a detonation could be transitioned into a larger
tube using a diverging channel. Research [9] has shown that the critical diameter for
increasing divergent angle increases until the angle is greater than 55 degrees. Beyond
55 degrees, the same behavior is similar to abrupt expansions. With diameters of only
a few cell widths, the divergent angle a detonation can survive is only between 10
and 20 degrees. The downside to this approach is the increased length of the pre-
detonator.

Research [12] that specifically studied detonation diffraction for applications to

pre-detonators has also been conducted. The research aim was to find guidelines to



designing successful pre-detonators. The designs studied attempted to reduce the crit-
ical diameter by overdriving the detonation. An overdriven detonation decreases the
cell width, thereby reducing the critical diameter requried for a successful transition.
Additionaly, the use of shock focusing obstacles (cylindrical cones) were investigated.
It was concluded that they were helpful but not necessary in transitioning the det-
onation. Another study [13] showed that a circular blockage (creating an annular
geometry) at the exit of the pre-detonator enhances transmission.

Another area of pre-detonator research is using an implosion to initiate a deto-
nation. A torodial initiator using an implosion is given in Ref. [14]. It transitions
detonations around a thrust tube that converge in the center; creating a high pressure,
high temperature region that produces an overdriven detonation wave. However, this
initiator still uses a sensitive mixture in the pre-detonator to set off an insensitive

mixture in the thrust tube.

PDE Performance Parameters

There are many parameters that characterize the performance of a PDE. One
important characteristic is the thrust. If an engine can produce more thrust for a
given size, its thrust-to-weight ratio is increased. Another important parameter is the
fuel specific impluse (ISP). The ISP measures the amount of fuel required for a given
change in momentum. The higher the ISP, the less fuel requried for a given change
in momentum. Therefore, higher values represent more efficient engines. Both the
thrust and ISP can be increased by using a pre-detonator instead of a DDT device.

The thrust and fuel specific impulse are affected by many factors. Some of these
factors are cycle frequency, ignition delay, fill fraction, purge fraction, equivalence
ratio, and the initiation mechanism. Cycle frequency is the number of times a PDE

pulses each second. Ignition delay is the time between the end of the fill phase and



when the fuel ignites. The fill fraction is the percent of the tube that is filled with
a combustible mixture before a detonation is set off and the purge fraction is the
percentage of the tube that is filled with purge air at the end of the cycle. The
initiation mechanism can be either DDT or a pre-detonator. Each of these factors
can impact the performance of a PDE.

Thrust increases linearly with cycle frequency as shown in Fig. 3a. Also, Fig.
3b shows that there exists an optimal value of the ignition delay that will maximize
thrust. The increase of thrust with cycle frequency is expected because the more
fuel that is being burned, the more thrust that is generated. The variation in thrust
with ignition delay is due to the expansion and compression waves generated during
the fill phase. The detonability of a mixture is sensitive to the pressure and higher
pressures require less energy to detonate. The low spots in the the thrust are when a
detonation is ignited in the presense of an expansion wave and the high spots result

from ignition in a compression wave [4].

T L B B B L B L L B L I L I R
20 T T T +E " ® 16 Hz ]
[ = @ 12 Hz
b iy — ]
[ 5.5 " oM .:_g‘
16T - O
- o Y SR e gt e 3
= [ L1 ]
g
= F g safF 3
w 10 ] =
= H o 1
I - = 5
= [ o
I ask 0% o000, sgouns o]
sk ]
I af 7
F MEFEETE IP S ST ErE EP AR AT B SR ST S A RS
] y L - 38g ] 5 10 15 20 =5 30

frequency (Hz) lgnition Delay (msec)

(a) (b)
Figure 3. Impact of frequency and ignition delay on thrust. Data from [4].

Fill fraction affects both the thrust and ISP as shown in Fig. 4. Interestingly, at

fill fractions around 0.3, half of the maximum thrust is still obtained while efficiency



has been doubled. This is because purge air being pumped by the detonation products

results in a higher mass/lower AV [4]. Equivalence ratio also affects thrust and ISP

as shown in Fig. 5.
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Research [6, 7] has been done directly comparing DDT mechanisms to a pre-

detonator as they relate to thrust and specific fuel impulse. A variety of DDT mecha-
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nisms have been tested and compared to a pre-detonator which used a highly sensitive
mixture. The first studies [7] examined the length of the DDT mechanism and its
effect on the efficiency of the PDE. Increasing the length of the PDE is found to
decrease the efficiency of the engine as shown in Fig. 6. The decrease in efficiency is
due to the drag imposed by the DDT device during the blow down process. A direct
comparison of a 2” and 3.5” tube initiated with a pre-detonator or a 16" spiral is
shown in Table 1. A pre-detonator gives higher thrust and efficiency, but the need to

use an oxider other than air makes pre-detonators impractical.
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Figure 6. Specific impulse versus frequency for stoichiometric hydrogen-air with 16"
and 48" spirals in a 72" long, 2" diameter tube. Data from [6].

Table 1. Summary of test data from Ref. [6].

3.5" tube
2" tube | with 16"x | 2" tube 3.5" tube
Test Configuration and Data | with 16” 2" dia | with 1” dia | with 1”7 dia

Summary spiral spiral predet predet units

Total Length 83 91 82 88 in
Blow-down Time 3.9 5.0 5.1 4.9 msec
Ignition Time 1.2 0.8 1.7 2.0 msec
DDT Time 1.5 1.7 0.1 0.3 msec

Air Thrust 1 2.8 1 3.8 Ibf

Air 4+ Predet Thrust na na 1.6 4.8 Ibf
Thrust 6.4 25.7 9.4 30.8 Ibf
Integrated Head Pressure 4.4 25.5 9.2 30.2 1bf
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III. Detonation Theory

A detonation is a complex event that is unsteady, three-dimensional, and highly
sensitive to geometry. Many analytical and theoretical models exist, as well as a
large body of experimenatal data describing detonations. The simplest and oldest
model of a detonation is Chapman-Jouget (CJ) theory. CJ theory is used to estimate
detonation velocities, but provides no insight into the structure of a detonation. The
next step up in complexity is the Zeldovich, von Nuemann, and Déring (ZND) model.
ZND theory provides details about the structure of a detonation wave, but does
not give details about the three-dimensional structure observed in experiments. To
understand the three-dimensional structure, smokefoil records, and more recently,
CFD simulations are used. The three-dimensional structure has a strong influence on
detonation diffraction. Understanding this behavior is critical to developing successful

pre-detonators.

Chapman-Jouget Theory

The simplest model of a detonation is a Chapman-Jouget detonation wave. A
CJ wave is based on a one-dimensional, steady analysis that assumes equilibrium
conditions on either side of a control volume. The solution requires no knowledge of
the actual structure of the detonation wave [2]. An illustration of a CJ detonation
wave is shown in Fig. 7. The wave is propagating from left to right in the lab frame
of reference. The analysis uses a wave fixed coordinate system that models a stand-
ing detonation wave with the reactants moving towards the wave and the products
moving away. An analytical solution for the CJ velocity is possible if complete com-
bustion is assumed across the wave. The analytical solution over-predicts measured
wave speeds, however. A more accurate solution is given if the detonation products

are calculated using equilibrium methods to find the equilibrium concentrations of
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Figure 7. CJ detonation wave propagating from left to right in a wave fixed coordinate
system.
reactants, products, and intermediate species. The solution requires an iterative pro-
cess, but predicts detonation velocities that closely match experimentally measured
values.

The basis for CJ theory is the intersection of the Rayleigh line and the Hugoniot
curve. The equation for the Rayleigh line can be found by combining the continuity
and momentum equations for steady, one-dimensional flow, with no body forces, and

no external heat sources [3].

. P2 — D1
m2:p§uf:i_i (1)
P1 P2

The Hugoniot curve is found by combining the energy equation with the continuity

and momentum equations [3].

Y P2 P 1 1 1 )
—— (=== ) —s-p) | ——— ) =q 2
7—1(p2 Pl) 2< 2 =) <P1 P2 @
The Hugoniot curve shows all possible solutions, (1/ps,ps), for a given set of initial
conditions, (1/p1,p1), and heat release, q. Plotting the Hugoniot curve, there are
five regions than can be marked off to show various solutions that are possible, as

illustrated in Fig. 8. The point (1/p1,p;1) in the figure is known as the origin of the

Hugoniot curve. The curve does not pass through the origin unless the heat release
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Figure 8. Hugoniot curve showing sections of the curve that correspond to combustion
conditions.

is zero. For larger values of the heat release, the Hugoniot curve is further removed
from the origin. By drawing the Rayleigh lines through the origin that are tangent
to the Hugoniot curve, the upper and lower CJ points can be found (in the figure
as points U and L). The upper point represents a detonation and the lower point a
deflagration and correspond to a state where the velocity of the wave relative to the
burned products is M = 1. Additionally, point B represents the intersection with the
Rayleigh line for an infinite wave speed and point C represents the intersection with
the Rayleigh line for a zero velocity wave. These four points define five regions on the
Hugoniot curve. The first region represents a strong detonation, also known as an
overdriven detonation, and is defined as a detonation that is propagating faster than

the CJ velocity. The second region is a weak detonation and represents a detonation
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travelling at less than the CJ velocity. The third and fourth regions represent a
weak and strong deflagration, respectively. The fifth region represents an area of
non-physical solutions since values in this region give an imaginary wave speed in the
Rayleigh relation.

Since this research is concerned with detonations, the properties of the upper CJ
point will be examined. Strong or overdriven detonations are observed experimentally
just after DDT when the detonation is undergoing transient behavior. An overdriven
detonation will relax back to the CJ state and this mechanism is explained by CJ
theory. At the upper CJ point, the velocity of the wave relative to the burned
products is M =1 so disturbances behind the wave cannot affect it. In an overdriven
detonation, the velocity of the wave relative to the burned productions is M < 1 so
any disturbance that creates a rarefaction (expansion) wave can propagate up to the
wave and lower its velocity back to the CJ state.

The ultimate goal of this analysis is to provide an estimate of the velocity of
a stably propagating detonation wave. An analytical solution for the detonation

velocity may be obtained by assuming complete combustion [15].

vp = [2(72 + 1)72Ro (@Tl + i)} " (3)

Cp,2 Cp,2

The analytical solution over-predicts the actual value of the detonation velocity by not
taking into account intermediate species in the products. Due to the high temperature
behind the shock, there will be many intermediate species present that will lower the
heat release, thereby reducing the CJ velocity. A more accurate method is to use
either a trial and error interative method or a Newton-Raphson interation method
[3]. Using the Cantera package [16] developed at CalTech, the calculated velocity for
a stoichiometric hydrogen/oxygen mixture at 1 atm and 291 K is 2,838 m/s. The

experimentally measured value is 2,819 m/s [3].
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Zeldovich, von Neumann, and Doring Model

The Zeldovich, von Neumann, and Doéring (ZND) model represents a detonation
wave as a shock wave follwed by a reaction zone. The thickness of a shock is only a few
mean free paths so little or no chemical reactions occur across the shock. Therefore,
chemical reactions occur after the shock. Unlike CJ theory, ZND theory provides
clues into the structure of a detonation wave. It is still a one-dimensional model and
does not explain the three-dimensional structure. ZND theory does give insight into
the chemical lengths and induction times of the chemistry. It also predicts a large
pressure spike, known as the von Neumann spike, that is observed experimentally.

To obtain a ZND solution, the steady form of the one-dimensional equations for

inviscid gas dynamics in a wave fixed frame may be used [16].

dp_ _po (4)

dx wn

o= )

&= ()
w‘g ey (7)

Note that in the wave fixed frame, w, is the velocity. In these equations, 7, is the

sonic parameter

77:1—M2a (8)

€, is the rate of change for each species, and & is the thermicity. In order to calculate
the rate of change for species 7, a system of algebraic equations representing the
chemical reactions that define the system must be solved. The thermicity measures
the rate that chemical energy is transformed into thermal energy as well as the reverse

process. Changes in thermicity reflect the net effect of all chemical reactions taking
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place [16]. Thermicity is defined as

where o; is the thermicity coefficient for chemical species <.

A ZND solution using the Cantera package is shown in Fig. 9 for stoichiometric

hydrogen/air at standard conditions. Note the von Neumann pressure spike. The
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Figure 9. ZND solution for stoichiometric hydrogen/air at standard conditions.

spike is approximately a 30:1 ratio that can be seen in the figure. Note that there
is a small distance after the shock where the properties change very slowly, known
as the induction zone. After the induction zone, the flow properties change very
rapidly as chemical reactions occur. Once the chemical reactions are complete, the

solution has reached the equilibrium CJ values for pressure, density, temperature,
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and species. One important thing to take away from this is the distance in which
this occurs. These changes take place is less than a millimeter. Experimentally, in
order to resolve these features, a high data sampling rate is necessary due to the high
speeds and short distances involved. Compuationally, this means that many nodes

or cells are required to resolve the structure of a detonation correctly.

3-Dimensional Structure

Smokefoil records show the actual structure of a stably propagating detonation
wave is highly three-dimensional. Currently, there is no analytical theory to com-
pletely explain this structure. A smokefoil record is made by covering the inside of a
pipe with soot and allowing a detonation to propagate down it. On the soot a pattern
will be traced that resembles the scales of a fish. The fishscale pattern is a trace of the
high pressure transverse waves. Figure 10 shows a numerically generated smokefoil
record that is created by taking a peak pressure histogram of the transient data set.
Each of the fishscale-like diamonds is known as a detonation cell. The width of this
cell, )\, is dependent upon a variety of factors such as pressure, temperature, and the
chemistry of the mixture. The smaller the cell width of the mixture, the easier it is
to initiate a detonation. Fuels mixed with pure oxygen have smaller cell widths than
those mixed with air, whichis why most pre-detonators require pure oxygen. The
smaller cell size means smaller pre-detonators since the critical diameter is smaller.

Figure 11 shows an idealized two-dimensional representation of a smokefoil record.
It shows the path of the transverse waves as the detonation progresses. The lines A-
I represent various times. Unlike CJ or ZND theory, the velocity of a detonation is
constantly changing. Times A, G, and D mark where the transverse waves collide with
each other or a wall surface. After this collision, the transverse waves are travelling

approximately Mach 8 with respect to the unburnt mixture. When the transverse
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Figure 10. Numerically generated smokefoil record of a detonation.
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Figure 11. Ideal two-dimensional smokefoil record.

waves reach times C, F, and I, the transverse waves have slowed to approximately
Mach 3. The average velocity of these transverse waves is about Mach 5. The reason
for this varying velocity has to do with the induction length. After a collision, the
induction zone is very small which leads to fast wave speeds. As the wave travels, the
induction length increases, thereby slowing the wave down until another collision.

The transverse waves are also known as triple points because they are the inter-
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section of three shocks. These three shocks are known as the incident shock, reflected

shock, and the Mach stem; and are shown in Fig. 12. To better understand this

Reflected Shock
Mach Stem

irection of Propagation

Triple Point Incident Shock

Figure 12. Triple point structure in a propagating detonation wave.

structure, consider a spherical shock wave propagating towards a wall. As the shock
hits the wall there is a second shock that is reflected back. The reflected shock merges

with the incident shock and creates a Mach stem.

Detonation Diffraction Physics

A pre-detonator relies on transitioning a detonation from a smaller area to a larger
area. In order for a detonation to propagate into an unconstrained volume, the pre-
detonator must be larger than the critical diamter. The critical diameter is 13 cell
widths for a circular geometry, 10 for a square, and between 10 and 3 for increasing
aspect ratio.

There are three different types of diffraction based on the coupling of the shock
and combustion wave during transition. A supercritical transition occurs when the
diameter is greater than the critcal diameter. During this diffraction process, the
shock and combustion wave stay coupled the entire time as the detonation propagates
into the larger area. A critical transition occurs near the critical diameter and is
characterized by the temporary decoupling and then recoupling of the shock and
combustion front. In a sub-critical transition, the shock wave and combustion wave

completely decouple and the detonation becomes a deflagration wave.
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To numerically model the diffraction process, a two-step or more detailed chem-
istry model is required. A stably propagating detonation may be modeled by a
one-step global reaction model, but the transient diffraction process requires a more
realistic model. The requirement is necessary to correctly capture critical and sub-
critical transitions. A one-step global model does not take into account the induction
time for the chemical reactions so there is no distance between the shock and the
start of the chemical reactions. Therefore, the one-step model does not accurately
capture the decoupling process that can occur. A two-step or more detailed model
does take into account the induction delay and can match experimental Schlieren

images of detonation diffractions.
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IV. DETON-2D

The research conducted in this thesis uses a code known as DETON-2D devel-
oped by Dr. Viswanath Katta [8, 17]. It is a finite difference code that solves the
two-dimensional Euler equations with the two-step global chemistry model of Ko-
robeinikov [18] on a Cartesian grid. The solver utilizes a 2nd-order MacCormack
predictor-corrector technique [19] with a 4th order flux corrected transport (FCT)
scheme for damping and anti-diffusion [20, 21]. Wall boundary conditions are set as
reflective slip walls. DETON-2D is capable of accurately resolving the transverse wave
structure, CJ wave speed, and the detonation diffraction physics that are observed

experimentally.

Governing Equations

The governing equations for DETON-2D are the two-dimensional Euler equations.
The chemistry is represented by a two-step, global chemistry model. The chemistry
tracks two progress variables to model an induction period followed by a heat release
and is known as the Korobeinikov model [18]. The full set of equations, in conservation

form, are given as

0Q O0E OF

— 4+ —+—+H=0 10
ot * Ox - Ay * (10)
where
p pu pu 0
ou pu? +p UV 0
v UV v? + 0
E u(E + p) v(E +p) 0
pB pBu pPBv cpug
po pa pav CPWq
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In H, cis the inverse freestream speed of sound and w, and wg are the rates of change
for the progress variables o and 3. The progress variables track the progress of the
chemical reactions occuring in the flow and are explained in more detail in the next

section.

Korobeinikov Model

The Korobeinikov model is a global reaction model. Chemical processes are gen-
eralized to consist of two steps. The first step is an irreversible induction reaction and
models the delay between the heating of the reactants and the start of the chemical
reactions. The second step is an exothermic heat release and models the energy given
off by the chemical reactions taking place in flow. The variables o and 3 are known
as progress variables and track the progress of both of these steps. In the source term

H in Eqn. 11, the rates of change of the progress variables, ws and w,, are given by

_8a 1

Wo = a o —kipexp(—E1/RT) (12)
Wy = % = —kyp?[0% exp(—E»/RT) — (1 — 5)* exp(—(E: + q)/RT)]. (13)

Note that these equations are similar in form to the Arrhenius equation. The con-
stants k; and ko are pre-exponential factors and F; and F, are activation energies.
The value, ¢, is the heat release of the reaction. Both o and [ are set to 1 initially.
The first reaction is w, and « progresses from 1 to 0 while =1 to model the induction
reaction. Once =0, wgs progresses and (3 goes from 1 to 0 to model the exothermic
reaction. The effect the heat release in the flow is modeled in the equation of state
given by

p=(y—1)[E - pBg—0.5p(u” +v°)]. (14)
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Equations 12 and 13 require the temperature in dimensional form. This is given by

the ideal gas law as

Qoo

T — 28
pR

(15)

where a., is introduced due to the non-dimensionalization of p and p. The parameters
for the chemistry model are chosen to represent stoichiometric hydrogen/oxygen with

70% argon dilution.

Table 2. Parameters in Korobeinikov chemistry model for Hy /O /Ar.

ky 18.75x10°
ks 4.5941 %103
E\/R 9800
Ey/R 2000
Q 4.0x100
v 1.4

Cartesian Grid Methods

DETON-2D solves the governing equations on a Cartesian grid. A Cartesian
grid is a grid where the distribution of nodes in the z and y directions are parallel
to the Cartesian axes. An ideal Cartesian grid in that every node is equidistant and

Az = Ay as shown in Fig. 13. This type of grid provides the highest accuracy possible

Figure 13. Ideal Cartesian grid.

of the discretized formulas [22]. An additional benefit is that no grid transformations
are necessary. However, this only allows for orthogonal geometries so curves and

angled surfaces cannot be easily represented. Geometry in the flow is represented
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by disregarding nodes that are within the boundaries of the solid object as shown
in Fig. 14. Representing the geometry in this fashion simplifies the problem since

only a single computational block is required to represent the entire domain. The

ok E E Kk E B % %

*
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Ok E k E E k%
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Figure 14. Cartesian grid with geometry. Blue represents nodes in the domain and
red nodes are disregarded.

grid spacing is based on the ZND induction length for the chemistry. The induction
length, L*, is 0.2933 cm and is unique to the mixture. A spacing of %L* is used. The
detonation cell width is about 9L* which corresponds to approximately 40 nodes per
detonation cell. Previous work has shown that this resolution accurately captures

cellular structure, CJ wave speed, and diffraction phenomena [8, 17].

Numerical Solver

The numerical method used to solve the governing equations is MacCormack’s
method with a 4th order flux corrected transport scheme for damping and anti-
diffusion. MacCormack’s method provides second order accuracy in space and time
and the FCT scheme provides an accurate representation of shocks in the flow. Mac-
Cormack’s method is a predictor-corrector technique developed in 1969 [19]. Flux
corrected transport was introduced in 1973 [20]. The solver may be thought of as
comprising of four steps. The first step is the predictor step of MacCormack’s method,
the second step is the corrector step of MacCormack’s method, the third step is to add
fourth order damping terms, and the fourth and final step is to apply the FCT scheme.
The scheme is similar to the MacCormack-FCT scheme [21], with the exception of

the additional fourth order damping terms.
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The first part of the numerical solver is to progress the solution one time step
into the future using MacCormack’s method. The method itself is comprised of two
steps, the predictor step and the corrector step. The predictor step uses a forward
difference to calculate the derivative at a point.

oQ ' EtJrlj_E?j F‘tjﬂ_F'tj
_v — 1 ) 2, 2, , Ht . 16
< ot )i,j ( Az * Ay T (16)

The predicted values at time ¢ + At are then found by progessing the solution one
step in time with Euler’s method as follows.

=\ t+AL t aQ ¢
The corrector step uses the predicted values at time ¢ + At to find the derivative at

time t + At using a backward difference.

_ A n I
0Q\" _ (B - BNES FGY (VS | pea) )
5 y Ax Ay i,j

The derivative at that point is now calculated as the average of the two derivatives.

(9@ B 1 8@ t @ t+At
(E)wél(a)i,ﬁ(a)i,j ] 19)

Now the corrected and final values are given by

0
A= QL+ (a—?) At. (20)

The actual expressions used in the code are very similar, however they are more

compact to save on memory requirements for running the code. The first step is
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given by

= EH—I NI — E; ] A [Fzg—i—l zg] AtH (21)

J

QRij =iy — Ax [
and the second step by

2 1 1)
Q) =3 Qi+ Q) — B — BN ] - A—y[Fi{f PV - AaEY | (22)

N)I»—l

Before the FCT step is done, the third step is to add fourth-order damping for

stability and to damp out oscillations given by

Qz(,?;) :QE?]) - dfv[ 42,5 4E?+1] + 6En 4E;n 1,9 + En ]

= dy[F] o —AF] + 68 —AF) |+ F] (23)

7

where d, and d, are the damping coefficients.
The fourth step is the flux corrected transport step consisting of a diffusion and

anti-diffusion step. The diffusion step is given by

Q Q +77x( 1y — 207+ Q) + 0y (QF 1 — 2Q7F; + QF-1) (24)

where 1, and 7, are diffusion coefficients. The equation adds artificial viscosity to
the solution in order to damp out oscillations and maintain positivity. However, the
diffusion tends to smooth out discontinuities in the flow. Therefore, an anti-diffusion

step is done given by
QnH = Q Y (Oir1/2 — Gi—1y2) — (4172 — 0j—1/2). (25)
The anti-diffusion step removes the diffusion from the previous step while limiting
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the solution so that no new extrema are produced. By limiting the solution, the
anti-diffusion step maintains second-order accuracy except in regions of strong dis-
continuites, where the solution becomes first-order. The limiting process is known as

flux correction and is accomplished in the § terms given by

dit1/2 = Smax|0, mln(SAE )1/2, n|AZ+1/2| SA@+3/2)] (26)
where
Airp=Qij — Qi1 (27)
Ai+1/2 = Qz‘+1,j - Qw (28)
Aiyzp = Qitoj — Qig1y (29)
Ajajp=Qij— Qij (30)
Ajirp = Qijr1 — Qi (31)
j+3/2 Qz,j+2 - Qz,]+1 (32)
and A®) uses Q® and A® uses Q™. The values of S are given by
S =sign(AL, ) (33)
or
S = sign(Aﬁ)lﬂ). (34)

For the § terms with j indicies, the previous equations are the same with the 7 indices

being replaced by the j indices.
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V. Pre-detonator Geometries

Simple geometries are tested to determine how a detonation diffracts from a pre-
detonator to a thrust tube. The two main geometries tested are a symmetric step
expansion and a corner reflector. Parametric studies are conducted on the two ge-
ometries. Additionally, it is found that the success of transition from pre-detonator
to thrust tube depended on more than just the geometry. The transverse wave struc-
ture of the detonation at the transition affects success. In an experiment, the part of
the transverse wave structure at the transition is random. Therefore, the part of the
transverse wave structure at the transition is varied to estimate the success rate by
varying the length of the pre-detonator.

The data at the end of the simulation shows whether or not a detonation transi-
tioned. Post processing is done in Tecplot. The three sets of data used to determine
if a detonation is occuring are the smokefoil record, instantaneous pressure, and in-
stantaneous temperature. Figure 21 shows a successful detonation transition. The
top is the pressure histogram followed by the pressure and then temperature. Note
the cellular stucture of the pressure histogram (smokefoil record). Also, note that
both the pressure and temperature are coupled. Figure 22 shows a detonation that
has become a deflagration wave after the abrupt expansion. Note that the pressure

and temperature are no longer coupled.

Symmetric Step Expansion

The symmetric step expansion is the simplest concept. An initial parametric
study is done to determine the success rates of a pre-detonator with an initial height,
expanding into a thrust tube of a given expansion ratio. Flat plate obstructions are
then introduced into the thrust tube near the exit of the pre-detonator. Parametric

studies are done varying the height of the flat plate and the distance from the abrupt
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expansion. The base cases without any flat plate are given in Table 3 where E

is the expansion ratio, F = L/I. Additional parametric studies are done on each

Table 3. Base cases for pre-detonator heights.

ey E

1 151212513 - |-| - |-1] - |-
1.5 151212513 - |- - - |-
2 1512125131354 |45|5[55]|6
2.5 1512125131354 (|45|5[55]|6

pre-detonator and expansion ratio combination to determine the effect a flat plate
obstruction has on detonation transition. The parameters studied are given Fig. 15.
The height, h, and distance, d, of the flat plates are varied to find regions of high

success.

Figure 15. Parameters for symmetric step expansion cases.

Corner Reflection Geometries

A corner reflection geometry attempts to take advantage of a strong 180 degree
reflection off a wall; however, a detonation reflecting 180 degrees off of a wall reflects
back into products. Since a detonation requires an unburnt fuel-oxidizer mixture
in order to propagate, a detonation that reflects back into itself will die out. The
pre-detonators being studied are below the critical diameter, so the decoupling of the
shock and combustion wave allows for the possibility that the shock reflects into the

unburnt mixture. The parameters are shown in Fig. 16. The expansion rato and
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distance are varied for pre-detonator hieghts of 0.5 and 1 A to find regions with high

success rates.

Figure 16. Parameters for corner reflection cases.

Success Rates

The geometries being studied are all less than the critical diameter of 3 cell widths
for a two-dimensional detonation. In a lab setting, a 2d detonation experiment is done
with a high aspect ratio, rectangular pre-detonator. Comparison of these results to
2d numerical simulations show that the simulations capture and predict the correct
physics [10]. Experimental results [5] have also shown success rates in detonation
transitions. The success rate is believed to be due to the transverse wave structure
of a detonation. The transverse wave structure repeats itself periodically in space

as it progresses down a tube as shown in Fig. 17. Experimentally, the phase of this

Figure 17. Repeating transverse wave structure in a stably propagating detonation
wave.

periodic structure is random. To determine this success rate numerically, the location
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of the abrupt expansion (pre-detonator exit) is changed with respect to the transverse
wave over one cycle. The methodology assumes that the probability of any part of the
transverse wave structure occuring at the abrupt expansion is uniformly distributed.

To ensure that the probabilities of success and failure repeat itself each cycle,
simulations were conducted where the pre-detonator lenght was varied over a distance
of 10 A. Figure 18 shows the distribution of successes and failures for a pre-detonator

with [ = 1.5 A and ¥ = 1.5. A repeatable pattern emerges in the success and failure

nar 1

06 1

04r ]
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-04r 1

-0 1

-0a8r 1

Figure 18. Distribution of successes and failures for [ = 1.5 A\, £ = 1.5 by varying
pre-detonator length over 10 A (successes are 1, failures are -1).

rates. Marking where the pattern begins and ends shows that the pattern occurs over
the cycles of the transverse wave structure as seen in Fig. 19. The success rate over
1 cycle is approximately 50%. Success or failure is dependent upon the strength of
reflection off of the thrust tube walls. Successful cases had strong reflections, whereas
failures had weaker reflections. A successful wall reflection is shown in Fig. 20a. An
unsuccessful reflection is shown in Fig. 20b.

For all parametric studies done, the pre-detonator length was varied by 5 com-
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Figure 19. Repeating pattern of successes and failures occuring over transverse wave
structure cycles.

(a) Success (b) Failure

Figure 20. Successful and unsuccessful transitions due to thrust tube wall reflections.

putational nodes for each simulation. The length was varied over 1 cycle of the
transverse wave structure for the given pre-detonator height. The success rate is the

number of successes divided by the total number of simulations. Success or failure
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was determined by examining the results at the end of each simulation to determine

if the shock and combustion front were still coupled.
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VI. Results and Discussion

Experimental results claim that the critical diameter for a two-dimensional channel
is 3 cell widths. The cases being run are focused on subcritical diameter geometries.
Since the diameters are subcritical, the success or failure of a transition is dependent
upon the transverse wave structure at the exit of the pre-detonator. Geometrical
configurations are examined to determine which ones have high success rates. Cases
with high success rates are further examined in order to understand the reasons they
are successful while others are not. Once the mechanisms behind successful transitions
are found, they can be used a basis in recommending future pre-detonator concepts

and designs.

Symmetric Step Expansion Results

The first set of cases for the symmetric step expansion geometries had no flat
plate obstructions to determine the effectiveness of adding them later. The success
rates are given in Table 4. The success rates are also plotted as a contour map in Fig.
23. For a pre-detonator with a height of 1 A, the success rate is 34% into a thrust
tube that is 1.5 times larger. Increases in the expansion ratio decrease this rate to
zero. The same behavior is seen with a pre-detonator of height 1.5\. The success
rate for an expansion ratio of 1.5 is 74% and then proceeds to decrease for increasing
expansion ratio. The pre-detonator of height 2\ shows different qualitative behavior
than the smaller pre-detonators. For an expansion ratio of 1.5, the 2 A pre-detonator
has a 100% success rate. This success rate decreases and then increases again to
83% at an expansion ratio of 3. The success rate then stays constant and finally
decreases for expansion ratios larger than 5. The pre-detonator of height 2.5\ shows
the same type of behavior. Behavior where a larger expansion ratio has a higher

success rate than a smaller expansion ratio has been observed experimentally. In
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Ref. [5], an expansion ratio of 1.97 had a higher success rate than an expansion of
1.53 for ethylene/air detonations across a step expansion. One explanation [5] is that
the larger geometry may produce reflections that are more likely to release sufficient
energy for re-initiation. The CFD results show the effect is actually due to the
increased separation of the shock and combustion front during the diffraction. Figure
25 shows an unsuccessful transition with [ = 2 A and £ = 2, whereas Fig. 26 shows a
successful transition with £ = 3 for the same pre-detonator height. Both geometries
have a strong shock reflection off of the bottom wall. However, the separation of
the shock and combustion front is greater for the £ = 3 case. After the reflection, a
detonation wave travels along the compressed yet unreacted region between the shock
and combustion front. The slightly larger separation for the £ = 3 case allows for a
larger detonation wave that can survive all the way to the top wall. This wave then
reflects off the wall and further downstream generates new triple points until a stably
propagating detonation wave is formed.

The effect of adding an obstruction to the flow varies depending on the height
and distance of the obstruction. Sometimes the success rate is increased, decreased,
or unaffected. Examining the physics that occur in obstructions that increase the
success rate may lead to practical pre-detonators. For pre-detonators with a height
of 1)\, the success rates are given in Tables 6, 5, and 7 for expansion ratios of 1.5, 2,
and 2.5, respectively. The corresponding contour maps are given Figs. 24, 27, and 28.
For an expansion ratio of 1.5, an obstruction with h = 0.5 XA and d = 3 X increases the
success rate from 34% to 96%. Trends in the data suggest that a small plate placed
farther out from the expansion is the most successful for transitioning a detonation
from the pre-detonator to the thrust tube.

There are two different types of transitions that appear to be occuring for these

cases. The first is that the obstruction appears small enough to allow a detonation

37



wave to go past it when the detonation had already successfully transitioned before
the obstacle. Fig. 29 shows that the shock wave and combustion wave are coupled
before the obstacle and the smokefoil record shows that the detonation wave success-
fully propagated around the obstacle. The second case is that the obstruction acts
similar to a DDT device after the shock and combustion wave have decoupled. The
obstruction allows for shock reflections to cause the mixture to auto-ignite resulting
in a detonation wave. Figure 30 illustrates the reignition of the detonation wave off of
the obstacle. Detonation failure did occur in a small number of cases and appears to
be caused by an unsuccessful re-ignition by waves reflected off of the obstruction as
shown in Fig. 31. Similar results are obtained for the 1 A\ pre-detonator for expansion
ratios of 2 and 2.5. With an expansion ratio of 2, a flat plate with d = 3.5\ and h =
0.75), increases the success rate to 100%. Likewise, a flat plate with d = 4.5 A and
h = 1.25 X corresponds to the highest success rate (60%) for the £ = 2.5 case. It
appears that for increasing expansion ratios, increasing the distance and height of a
flat plate obstruction gives the highest success rates.

Pre-detonators with a height of 1.5 A show similar trends to the 1 X case. Results
are presented in Tables 8, 9, 10, and 11. Contour maps of the success rates are given
in Figs. 32, 33, 34, and 35. For the ¥ = 1.5 case, an obstruction with h = 0.25 A\ and
d = 3.5 X gives a success rate >90%. For larger expansion ratios, the highest success
rates occur for increasing values of h. Unlike the [ = 1 X case, the distance decreases
to 2.5 X\ and stays constant for the highest success rates for increasing expansion ratio.
The mechanisms behind the success rates are the same as those found for the | =
1 X pre-detonators which are reignition upstream, reignition from the obstacle, and
failure.

Increasing the pre-detonator height to 2 A\, an additional triple point is present in

the detonation structure. Results are presented in Tables 12, 13, 14, and 15. Contour
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maps of the success rates are given in Figs. 36, 37, 38, 39. Unlike the [ = 1 and
1.5 X pre-detonator heights, the optimal flat plate for [ = 2 X is on the order of the
height of the pre-detonator and only 1 A away with the exception of the £ = 1.5 case.
Figure 40 shows results from the =2 A\, E =4, h =3 A, and d = 1 \ case where
the success rate is 100%. The obstacle reflects the shockwaves so that they reflect
off of the back, top, and bottom walls of the thrust tube. Some of these reflections
generate detonation waves. Also, the shockwaves from the top and bottom meet in
the middle of the thrust tube after the obstable, which initiates a detonation in a

manner similar to an implosion.

Corner Reflection Results

The corner reflector is a simple geometry that attempts to utilize a strong reflection
off of a surface to transition a detonation from a pre-detonator to a thrust tube. The
parameters studied are the distance to the wall and the expansion ratio for a given
pre-detonator height. The success rates for a pre-detonator with a height of 0.5 A
is given in Table 16 with the corresponding contour map in Fig. 41. According to
the results, there are two areas where a detonation successfully transitions, separated
by a region where they do not. The lower left section has lower success rates than
the upper right section. The highest success rates (over 90 %) occured for expansion
ratios of 3.5 and 4 when the wall was 2 A from the exit of the pre-detonator. The
most successful cases occur due to two shock waves converging at a corner; causing
an explosion to occur that initiated the detonation in the thrust tube and may be
seen in Fig. 43.

Results for [ = 1 A are given in Table 17 and Fig. 42. Unlike the [ = 0.5 X case,
the [ = 1 X case appears to only have one region where detonations are successful. A

100% success rate is obtained for an expansion ratio of 3 and a distance of 3 X\. The
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transition mechanism is similar to the 0.5\ case.
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VII. Conclusions

Numerical simulations of detoantion waves can be used to design pre-detonators.
However, multiple simulations are necessary in order to obtain correct results. One-
time simulations of a geometrical configuration produce misleading results. Multiple
simulations are more compuationally expensive, but provide probabilities of success
that are found experimentally. The probabilities of success are a result of the trans-
verse wave structure of a detonation. Success or failure is dependent upon where the
pre-detonator exit occurs relative to the transverse wave structure.

The CFD results also provide insight into the physical mechanisms behind suc-
cessful versus unsuccessful transitions. Common mechanisms for transitioning a det-
onation into a thrust tube were observed among all cases with high success rates.
Wall reflections were the most important mechanism in allowing a detonation to sur-
vive transition. Additionally, separation between the shock front and combustion
front during diffraction plays an important role in certain cases. In some successful
configurations, shock-shock collisions were able to reignite the detonation wave. Any
new pre-detonator configurations should attempt to make use of these mechanisms
in order to ensure they work 100% of the time.

Parametric studies were conducted on two geometrical configurations to find de-
signs with high success rates. For the symmetric step expansion case, it was found
that introducing a flat plate obstruction into the flow can increase the success rate
if placed correctly. Corner reflectors were able to transition a detonation at larger
expansion ratios than the symmetric step configurations. For both configurations,
contour maps of the success rates show peaks that correspond to high probabilities of
success. Pre-detonators should be designed so that they fall on those peaks in order

to ensure they work at or near 100% efficiency.
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Future Work

The results of the numerical simulations need experimental verification to test the
hypothesis that the transverse wave structure is the main contributing factor to the
probabilistic nature of detonation diffraction. Computational results have matched
trends observed with experimental ethylene/air detonations but a comparison with
the hydrogen, oxygen, and argon chemistry of DETON-2D is required.

New geometries should be tested that try to take advantage of the mechanisms
that made the studied geometries successful. Corners where shock waves converge
can be used to generate explosions to ensure a detonation survives an expansion.
Additionally, regions where the shock front and combustion front have decoupled can
be used to create an overdriven detonation. Geometries representative of crossover
tubes in branched detonation setups should be tested using the method presented to

determine their effectiveness.
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Figures

Figure 21.

Successful transition of detonation for [ =2 A\, £ = 1.5.
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Figure 22.

Unsuccessful transition of detonation for [ = 2 A\, £ = 3.5.
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Figure 23. Contour map of success rates for symmetric step expansion base cases (no
obstruction).
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Figure 24. Contour map of success rates for symmetric step expansion with flat plate
(l=1\ E =1.5).
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Figure 25. Unsuccessful transition with [ =2 XA and F = 2.
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Figure 26. Successful transition with [ = 2 X\ and E = 3.
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Figure 27. Contour map of success rates for symmetric step expansion with flat plate
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Figure 28. Contour map of success rates for symmetric step expansion with flat plate
(l=1\ E =25).
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Figure 29. Successful transition for { =1 A\, E = 1.5, h = 0.5 A\, and d = 3 \ with
ignition upstream of the obstacle.
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Figure 30. Successful transition for [ = 1\, F = 1.5, h = 0.5\, and d = 3\ with
ignition due to obstacle.

50



% 30 35

Figure 31. Unsuccessful transition for { =1\, E = 1.5, h = 0.5 )\, and d = 3 X\ with
obstacle failing to reignite detonation.
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Figure 32. Contour map of success rates for symmetric step expansion with flat plate
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Figure 33. Contour map of success rates for symmetric step expansion with flat plate
(=15 )\ E =2).
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Figure 34. Contour map of success rates for symmetric step expansion with flat plate

(I1=15\ E=25).
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Figure 35. Contour map of success rates for symmetric step expansion with flat plate
(l=15\ E =3).
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Figure 36. Contour map of success rates for symmetric step expansion with flat plate
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Figure 37. Contour map of success rates for symmetric step expansion with flat plate
=2\ E=23).
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Figure 39. Contour map of success rates for symmetric step expansion with flat plate
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Figure 40. Successful transition for [ =2 A\, E =4, h =3 A\, and d = 1 X\ with ignition
due to strong wall reflections.
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Figure 41. Contour map of success rates for corner reflector (I = 0.5 \).
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Figure 42. Contour map of success rates for corner reflector (I =1 \).
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Figure 43. Successful transition for corner reflector with [ = 0.5 A\, F = 3.5, and d =
2 X due to explosion at corner.
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Tables

Table 4. Success rates for symmetric step base cases (no obstruction).

E
1.5 2 2.5 3 3.9 4 4.5 ) 9.9 6
1 10341]0.06]0.130.02| - - - - - -
1.510.74{0.53]0.05|0.03| - - - - - -
2 [1.00 044 ]0.56 | 0.83]0.61|0.67 | 0.67 | 0.67 | 0.56 | 0.28
2.5]1.00 | 1.00 | 1.00 | 1.00 | 0.96 | 0.83 | 0.96 | 0.96 | 0.78 | 0.70

Table 5. Success rates for symmetric step (I = 1 A\, £ = 1.5) with flat plate.
d

1 1.5 2 2.5 3 3.5 4
0.25]0.36 | 0.34 | 0.85 | 0.79 | 0.64 | 0.36 | 0.43
0.5 10.02]0.13]0.68]0.89|0.96|0.74 | 0.85
0.75 ] 0.00 | 0.09 | 0.45 | 0.85| 0.83 | 0.79 | 0.62
1 10.000.00|0.00{0.23|0.26 | 0.23 | 0.00

Table 6. Success rates for symmetric step (I = 1 A\, E = 2) with flat plate.
d

1 1.5 2 2.5 3 3.5 4

0.5 10.11{0.19 | 0.04 | 0.43 | 0.49 | 0.43 | 0.40
h|0.75{0.00 | 0.17 | 0.00 | 0.45 | 0.64 | 1.00 | 0.57
1 10.000.06|0.00]|0.02|0.55]0.74 | 0.5.

Table 7. Success rates for symmetric step (I = 1 A\, E = 2.5) with flat plate.
d

1 1.5 2 2.5 3 3.5 4 4.5 )

0.5 0.04|0.11|0.09 | 0.04 | 0.15|0.17 | 0.13 | 0.09 | 0.09
0.75{ 0.00 | 0.09 | 0.00 | 0.00 | 0.15 | 0.17 | 0.21 | 0.21 | 0.49
h| 1 10.00]0.11|0.00|0.00 | 0.17 | 0.19 | 0.19 | 0.47 | 0.57
1.25 |1 0.00 | 0.06 | 0.00 | 0.00 | 0.00 | 0.11 | 0.15 | 0.60 | 0.51
1.5 1 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.06 | 0.04
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Table 8. Success rates for symmetric step (I = 1.5 A\, F = 1.5) with flat plate.

d

1

1.5

2

2.5

3

3.5

4

0.15

0.68

0.74

0.74

0.74

0.74

0.82

0.82

0.25

0.68

0.74

0.74

0.76

0.87

0.95

0.87

h| 0.5

0.63

0.76

0.61

0.58

0.66

0.58

0.68

1

0.26

0.50

0.42

0.29

0.24

0.39

0.84

1.5

0.00

0.00

0.00

0.00

0.03

0.00

0.18

Table 9. Success rates for symmetric step (I = 1.5 A\, E = 2) with flat plate.

d

1

1.5

2

2.5

3

3.5

0.5

0.47

0.55

0.53

0.50

0.47

0.42

1

0.26

0.53

0.53

0.32

0.08

0.26

h | 1.5

0.00

0.21

0.68

0.26

0.00

0.13

2

0.00

0.00

0.05

0.00

0.00

0.00

2.5

0.00

0.00

0.00

0.00

0.00

0.00

Table 10. Success rates for symmetric step (I = 1.5 A\, E = 2.5) with flat plate.

d

|

1

1.5

2

2.5

3

0.5

0.18

0.26

0.13

0.08

0.05

0.05

1

0.03

0.47

0.37

0.11

0.05

0.00

h|15

0.00

0.16

0.47

0.29

0.00

0.00

2

0.00

0.00

0.39

0.26

0.00

0.00

2.5

0.00

0.00

0.00

0.05

0.00

0.00

Table 11. Success rates for symmetric step (I = 1.5 A\, E = 3) with flat plate.

d

1

1.5

2

2.5

3

3.5

0.5

0.05

0.08

0.03

0.03

0.03

0.03

1

0.03

0.05

0.05

0.03

0.00

0.00

h | 1.5

0.03

0.00

0.16

0.11

0.00

2

0.00

0.00

0.32

0.13

0.00

0.00

2.5

0.00

0.00

0.00

0.16

0.00

0.00

60



Table 12. Success rates for symmetric step (I = 2 A\, E = 2) with flat plate.
d

1 2 3 4

0.5]044 | 0.67 | 0.44 | 0.44

1 10.22|1.00]|0.44 | 0.11

1.5 10.22 | 1.00 | 0.39 | 0.06

2 10.00 | 0.831]0.39 | 0.00

Table 13. Success rates for symmetric step (I = 2 A\, E = 3) with flat plate.
d

1 2 3 4

0.5 ] 0.00 | 0.78 | 0.83 | 0.83
1 10.00|0.78 | 0.83 | 0.28
1.510.83|0.78 | 0.83 | 0.00
2 11.00|0.610.72 | 0.00
2.5 1.00 | 0.17 | 0.89 | 0.00
3 1039 0.11 | 0.61 | 0.00

Table 14. Success rates for symmetric step (I = 2 A\, E = 4) with flat plate.
d

1 2 3 4

0.5 (0.00 | 0.61 | 0.67 | 0.56
1 {0.00|0.50 | 0.83 | 0.56
1.5 | 1.00 | 0.67 | 0.72 | 0.44
2 | 1.00 | 0.56 | 0.50 | 0.28
2.5(1.00 | 0.83 ] 0.39 | 0.44
3 10.83|0.78|0.67 | 0.33

Table 15. Success rates for symmetric step (I = 2 A\, E = 5) with flat plate.
d

1 2 3 4

0.5 (0.00 | 0.61 | 0.56 | 0.39
1 {0.00|0.28 | 0.44 | 0.50
1.5 0.00 { 0.33 | 0.50 | 0.39
2 10.00 0.72 | 0.50 | 0.39
2.510.00 | 1.00 | 0.50 | 0.28
3 10.78 | 1.00 | 0.56 | 0.44
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Table 16. Success rates for corner reflector (I = 0.5 \).
d

1 1.5 2 2.5 3 3.5 4

1.5 0.48 | 0.00 | 0.00 | 0.00 | 0.04 | 0.39 | 0.65
2 10.70 | 0.00 { 0.00 | 0.00 | 0.09 | 0.09 | 0.09
2.510.30 | 0.65 | 0.09 | 0.00 | 0.04 | 0.30 | 0.17
3 1043 (0.87|0.78 | 0.00 | 0.00 | 0.13 | 0.00
3.510.04 10.78 1 0.91 | 0.00 | 0.00 | 0.00 | 0.00
4 10.00 [ 0.65|0.91]0.21 | 0.00 | 0.00 | 0.00
4.510.00 | 0.22 | 0.57 | 0.57 | 0.00 | 0.00 | 0.00
5 |0.00 | 0.04{0.09 | 0.00 | 0.00 | 0.00 | 0.00

Table 17. Success rates for corner reflector (I =1 \).

d

2 2.5 3 3.5 4

2 10981094 |0.511]0.090.00
2510.74 1098 1094|043 | 0.04
3 10.7910.72]1.00 | 0.89 | 0.15
3.510.790.831]0.70 | 0.79 | 0.30
4 1049 0.72 081|047 | 0.15
451(0.15]0.74 | 0.85 | 0.17 | 0.00
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